This study was conducted to determine the feasibility of using three plastid DNA regions (matK, trnH-psbA, and rbcL) as DNA barcodes to identify the medicinal plant Clinacanthus nutans. In this study, C. nutans was collected at several different locations. Total genomic DNA was extracted, amplified by polymerase chain reaction (PCR), and sequenced using matK, trnH-psbA, and rbcL, primers. DNA sequences generated from PCR were submitted to the National Center for Biotechnology Information's (NCBI) GenBank. Identification of C. nutans was carried out using NCBI's Basic Local Alignment Search Tool (BLAST). The rbcL and trnH-psbA regions successfully identified C. nutans with sequencing rates of 100% through BLAST identification. Molecular Evolutionary Genetics Analysis (MEGA) 6.0 was used to analyze interspecific and intraspecific divergence of plastid DNA sequences. rbcL and matK exhibited the lowest average interspecific distance (0.0487 and 0.0963, respectively), whereas trnH-psbA exhibited the highest average interspecific distance (0.2029). The R package Spider revealed that trnH-psbA correctly identified Barcode of Life Data System (BOLD) 96%, best close match 79%, and near neighbor 100% of the species, compared to matK (BOLD 72%; best close match 64%; near neighbor 78%) and rbcL (BOLD 77%; best close match 62%; near neighbor 88%). These results indicate that trnH-psbA is very effective at identifying C. nutans, as it performed well in discriminating species in Acanthaceae.
Introduction
The Acanthaceae family of angiosperms contains 225 genera and 2894 individual species (The Plant List 2013) . Many members of this family have significant medicinal uses, including antioxidant, insecticidal, antifungal, antiinflammatory, antiviral, anti-pyretic, hepatoprotective, immunomodulatory, cytotoxic, and anti-platelet aggregation. Clinacanthus nutans, which belongs to the family Acanthaceae, is well known in Malaysia, Thailand, Indonesia, Vietnam, and China (Chelyn et al. 2014) . It has several common names according to the region in which it is found: Sabah Snake Grass and "Belalai Gajah" (Malaysia), "Dandang Gendis" and "Ki Tajan" (Indonesia), "Phaya Yo" and "Phaya Plongtong" (Thailand), and "E Zuihua" (China) (Farsi et al. 2016 ). This plant can be found in most habitats, including dense or open forests, damp fields, bushes, valleys, sea shores, mangrove areas, swamps, and marine regions (Alam et al. 2016; Ismail et al. 2016) . Fong et al. (2014) reported that C. nutans grows and primarily reproduces via Electronic supplementary material The online version of this article (http s://doi.org/10.1007 /s132 05-018-1092 -7) contains supplementary material, which is available to authorized users.
vegetative propagation, as the flowers are hard to find, which results in severely reduced sexual reproduction. C. nutans is well known for its antioxidant, anti-inflammatory, anticancer, antidiabetic, and antiviral properties (Sakdarat et al. 2009; Wanikiat et al. 2008; Arullappan et al. 2014; Ismail et al. 2016) .
The growth habit and leaf appearance of C. nutans are similar to those of Clinacanthus siamensis (Fong et al. 2014 ), but these species have different medicinal properties (Fong et al. 2014; Alam et al. 2016) . Kunsorn et al. (2013) conducted macroscopic and microscopic analyses of C. nutans and C. siamensis and found similar morphology and cell components, but the leaf measurement index (palisade ratio, stomata index, and stomatal number) showed different constant numbers. When using medicinal plants, accurate identification is crucial. Traditional approaches to identifying plants include organoleptic methods (identification by senses: taste, sight, smell, and touch) and use of morphological characters (identification by shape, color, and texture). At the family level, plants can be easily recognized morphologically by characteristics of their leaves (simple, opposite, decussate), flowers (zygomorph), and ovary (superior) (Alam et al. 2016) . However, these methods require an expert to identify the plant species (Techen et al. 2014) .
In contrast to traditional methods, use of DNA to identify C. nutans is more accurate, less time consuming, and can be done using a very small amount of material. The DNA barcoding technique is widely accepted within the scientific community (Coissac et al. 2016 ) and has been used commonly since the mitochondrial gene cytochrome c oxidase I (COI) was suggested as the DNA barcode for species identification in animals (Hebert et al. 2003) . Subsequently, much progress has been made in identifying DNA barcodes for plants. Many barcode marker candidates have been proposed, such as matK, rbcL, ITS, and ITS2, which are short DNA sequences between 400 and 800 base pairs (bp) long. Many plastid DNA sequences have been studied and validated and are suggested as potential barcode loci. To reduce cost and time consumption, the DNA barcode method has been used by many researchers to identify and discriminate medicinal plants without any influence of growth phase, environmental conditions, and morphological diversity within species Techen et al. 2014; Tang et al. 2016) . Kunsorn et al. (2013) and Suesatpanit et al. (2017) reported that ITS and ITS2 could not discriminate C. nutans from C. siamensis. Therefore, we attempted to use other universal DNA markers (rbcL, matK, and trnH-psbA) from the Consortium for the Barcode of Life (CBOL) Plant Working Group to identify C. nutans. The objective of this study was to identify and select suitable plastid DNA barcode markers for C. nutans. This information will serves as a guide to provide a suitable plant identification marker for C. nutans and other Acanthaceae species.
Methodology

Plant sample collection
Eighty C. nutans samples were randomly collected from eight sites located in the northern region of Peninsular Malaysia (Table 1 , Fig. 1 ). Four locations where C. nutans is cultivated in Pulau Pinang were identified: Pongsu Seribu (PBF) and Tasek Gelugor (PTG) in north Seberang Perai (mainland), Batu Maung (PBM) on the southeastern side of the island, and Batu Ferringhi (PBF) on the hilly northern side of the island. Three more locations were identified in Kedah: Jeniang (KJN), a small town situated between Gurun and Sik, Sungai Petani (KSP), and Kuala Ketil (KKK). The last cultivation site was in Perlis, located at Taman Herba Perlis at Sungai Batu Pahat (SBP). It lies on the northern part of the west coast of Peninsular Malaysia. The C. nutans samples were collected at elevations ranging from 8 to 44 m above sea level. Average temperature among the eight locations was 32 °C, with readings between 30 and 34 °C. Mean rainfall at all sites was calculated from data collected from 
DNA extraction, amplification, purification, and sequencing
Total genomic DNA of plant leaves was extracted using NucleoSpin ® Plant II DNA extraction kit (Macherey-Nagel, Bethlehem, PA, USA). The concentration and purity of DNA were quantified using a NanoDrop 2000 UV-Vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) by determining the absorbance at 260 and 280 nm. DNA was stored at − 20 °C until needed for further analysis.
The plastid DNA regions (rbcL, trnH-psbA, and matK) were amplified using universal DNA barcoding primers from the CBOL Plant Working Group (2009). For the rbcL gene, primers were rbcLa-F: 5′-ATG TCA CCA CAA ACA GAG ACT AAA GC-3′ and rbcLa-R: 5′-GTA AAA TCA AGT CCA CCR CG-3′; for the matK gene they were matK-1RKIM-f: 5′-CCC AGT CCA TCT GGA AAT CTT GGT TC-3′ and matK-3FKIM-r: 5′-CGT ACA GTA CTT TTG TGT TTA CGA G-3′; and for the trnH-psbA gene they were psbA3_f: 5′-GTT ATG CAT GAA CGT AAT GCTC-3′ and trnHf_05: 5′-CGC GCA TGG TGG ATT CAC AATCC-3′. The polymerase chain reaction (PCR) was performed in a final volume of 25 μL containing 2.50 μL of 10× Taq buffer, 0.75 μL of 50 mM MgCl 2 , 0.50 μL of 10 mM dNTP mix, 1.00 μL of 0.4 μM primers, 0.13 μL of 5 U of Taq DNA polymerase, 1.00 μL of genomic DNA, and 19.13 μL of sterile deionized water. PCR amplification was performed in a My Cycle TM Thermal Cycle (Bio-Rad, Hercules, CA, USA) programmed for an initial 1 min denaturation at 94 °C, 45 cycles of 1 min denaturation at 94 °C, 1 min annealing at 53 °C for matK, rbcL, and trnH-psbA primers, and 2 min extension at 72 °C followed by a final extension for 5 min at 72 °C and a hold at 4 °C. Amplified PCR products were analyzed using 1.5% agarose gel at 90 V for 30 min. The bright bands produced from the gel were purified using the Wizard ® SV Gel and PCR Clean-Up System (Promega, Madison, WI, USA). The purified PCR products were sent to 1st BASE DNA Sequencing Services (Selangor, Malaysia) for bidirectional sequencing with appropriate amplification primers.
Data sequencing and alignment
Trimming the low-quality sequence and primer areas was performed by CodonCode Aligner 3.7.1 (CodonCode Co., Centerville, MA, USA). Forward and reverse sequences were aligned using the Basic Local Alignment Search Tool (BLAST) from the National Center for Biotechnology Information (NCBI). We followed Maloukh et al. (2017) when identifying the sequence in BLAST; they considered a score in a sequence comparison of species with E value of a < 1 × 10 −5 and maximum hits (99 or 100%) in the reference database. All matK, rbcL, and trnH-psbA DNA sequences Table 1 1 3 62 Page 4 of 8 from different species were obtained from BLAST. The DNA sequences were aligned using ClustalX version 2.1.
Statistical analysis
The parameter used to analyze DNA barcodes included interspecific and intraspecific divergence by the Kimura 2-Parameter (K2P) model using Molecular Evolutionary Genetics Analysis 6.0 (MEGA 6.0) software. Three parameters were used to describe intraspecific divergence: (1) intraspecific divergence theta, where theta is the mean pairwise distance within each species with at least two representatives; theta eliminates biases associated with unequal sampling among a species, (2) coalescent depth, which is the maximum intraspecific distance within each species with at least two individuals, and (3) all intraspecific distances, which showed the average of all samples collected within each species with more than one individual.
Three other parameters were used to characterize interspecific divergence: (1) theta prime, which is the mean pairwise distance within each genus with more than one species, thus eliminating biases associated with different numbers of species among genera, (2) smallest interspecific distance (i.e., the minimum interspecific distance within each genus with at least two species), and (3) all interspecific distances, which showed the average of all species in each genus with at least two species.
Interspecific and intraspecific genetic distances from the DNA sequences determined using MEGA 6.0 were used to calculate the DNA barcode gap. The barcoding gap is the difference between interspecific and intraspecific genetic distances within a group of organisms. The Wilcoxon signedrank test was conducted using IBM SPSS Statistics v19 to analyze the distribution divergence of the genetic distance between different sequences to assess the barcoding gap for different candidate loci. The test statistics W+ and W− were calculated for the two-sided test Tang et al. 2016 ). The following three methods were used to test the ability of the barcode to accurately identify the species: best close match (Meier et al. 2006) , nearest neighbor, and BOLD identification criteria; they were implemented in the R package Spider (Brown et al. 2012 ). Neighbor-joining (NJ) phylogenetic trees generated by the software MEGA 6.0 with the K2P distance were assessed using a bootstrap test with 1000 replicates of NJ run options for all matK, rbcL, and trnH-psbA DNA sequences.
Results and discussion
PCR amplification and sequence analysis
According to the CBOL Plant Working Group (2009), several DNA barcode loci have been proposed and are highly recommended for barcoding applications. Kress and Erickson (2008) described the criteria for the best DNA barcodes. First, DNA barcodes should be composed of significant species-level genetic variability and divergence. Furthermore, they must contain conserved flanking sites for the development of universal PCR primers for wide taxonomic application and a short sequence length to enable application of recently developed DNA extraction and amplification methods. In the current study, the following three DNA markers were able to successfully identify C. nutans with sequencing success rates of 94.3% (matK), 100% (rbcL), and 100% (trnH-psbA) through BLAST identification (Table 2) . Although both rbcL and trnH-psbA had a 100% success rate, trnH-psbA was a more suitable DNA marker for identification of C. nutans. The CBOL Plant Working Group rejected trnH-psbA due to difficulties in bidirectional sequencing and because it was long (> 1000 bp) in monocots and conifers (Chase et al. 2007; Hollingsworth et al. 2009; Tripathi et al. 2013 ). However, we obtained high quality bidirectional sequences for trnH-psbA with a higher identification success rate than matK and rbcL. Tripathi et al. (2013) also reported a high identification success rate for tropical tree species using the trnH-psbA marker.
In this study, matK exhibited the poorest identification rate for C. nutans, likely due to its large amplification length (average of 796 bp). In contrast, the DNA sequence from trnH-psbA ranged from 374 and 387 bp (mean 384 bp). Degtjareva et al. (2012) reported that trnH-psbA had shorter sequences because of variability in insertions and deletions in the intergenic spacer, which makes sequence alignment difficult. However, deletions and insertions in intergenic spacer regions make the trnH-psbA gene one of the fastest evolving chloroplast gene markers because of its high level of species discrimination Lahaye et al. 2008; Newmaster et al. 2008; Liu et al. 2011 ).
Identification efficiency of matK, rbcL, and trnH-psbA
Many molecular markers for identifying plant species have been described in the literature. Nonetheless, one marker is not sufficient to compare the identification results of the species (Dong et al. 2012; Tallei and Kolondam 2015) . Our findings show that the identification of plant species sequences obtained from NCBI's BLAST were from the Acanthaceae family, with 86 accessions of matK DNA sequences from 42 species, 75 accessions of rbcL DNA sequences from 60 species, and 93 accessions of trnH-psbA DNA sequences from 63 species (Table 2, Supplementary Table S1 ). Analysis using BOLD, best close match, and nearest neighbor showed that trnH-psbA had the highest success rate for the correct identification of species (BOLD 96%; best close match 79%; nearest neighbor 100%) compared to matK (BOLD 72%; best close match 64%; nearest neighbor 78%), and rbcL (BOLD 77%; best close match 62%; nearest neighbor 88%) ( Table 3 ). The presence of the barcoding gap between genetic distances assures that there is a cut-off value for species delimitation (Sundberg et al. 2016) . If a barcoding gap is present, the identification of plant species is correctly identified. We examined the distributions of interspecific and intraspecific divergence for the three markers at a scale of 0.001 distance units. The results demonstrated that distinct gaps were observed in the distribution of interspecific variability of trnH-psbA followed by matK and rbcL (Fig. 2) . The most obvious gap was found in trnH-psbA. Based on these results, we propose trnH-psbA as the universal barcode for the identification of C. nutans. This locus has also been recommended as a DNA barcode for other studies in other plants because it performs best as a single locus due to high amounts of interspecific variation compared to other DNA barcode loci (Sun et al. 2013; Aziz et al. 2015; Zheng et al. 2015) . Additionally, Gere et al. (2013) and Tang et al. (2016) reported that trnH-psbA is a good candidate for authentication of their plants of interest. Although the CBOL Plant Working Group proposed using rbcL and matK for land plant identification, we found that species discrimination of C. nutans by rbcL and matK was lower than that of trnH-psbA (Table 3) . Thus, matK and rbcL are not the best choices for certain studies (Starr et al. 2009; Steven and Subramanyam 2009; Pettengill and Neel 2010; Roy et al. 2010; Clement and Donoghue 2012) .
Phylogenetic analysis
Using the NJ method, plants can be easily categorized into different species. The partial amplification sequences of trnH-psbA were used to understand the phylogenetic link between C. nutans and other Acanthaceae species. Use of trnH-psbA as the DNA barcode showed that all species from NCBI's BLAST database are from the same Acanthaceae family, consisting of 48 species belonging to subtribe Justicinae, four species belonging to subtribe Acanthoideae incertae sedis, two species belonging to Barleriinae, two species belonging to Andrographinae, and 38 species belonging to subtribe Ruelliinae (Fig. 3) . The phylogenetic tree of trnH-psbA sequences indicated that nearly all species are from distinct clades. The genetic distance within and between species clearly illustrates the difference between individuals within and between species in the Acanthaceae family. Table 4 shows the performance of genetic distance of each candidate DNA barcode marker locus. The genetic distance of C. nutans from closely related species was higher in interspecific divergence compared to intraspecific divergence. Based on genetic divergence, rbcL exhibits the lowest Fig. 3 The NJ tree of trnH-psbA was constructed using Mega 6.0 based on the K2P distance model. The clades are color coded average interspecific distance (0.0487), whereas trnH-psbA exhibits the highest average interspecific distance (0.2029), with matK in the middle (0.0963). For DNA barcoding analyses, interspecific divergence must be higher than intraspecific divergence for species delimitation . The genetic variation test based on K2P distance and the Wilcoxon sum rank test for trnH-psbA showed that interspecific distance was significantly higher than intraspecific distance (p < 0.00) (Supplementary Table S2 ), indicating that a barcode gap exists for trnH-psbA. Suesatpanit et al. (2017) reported that two species, C. nutans and C. siamensis, are synonymous according to The Plant List (2013). Furthermore, the combination of DNA barcoding and the High Resolution Melting (Bar-HRM) technique based on the ITS2 marker showed that the melting curves of C. nutans and C. siamensis were the only samples in the species-level test that could not be discriminated from each other (Suesatpanit et al. 2017) . Nevertheless, Queen Sirikit Botanic Garden recognizes them as different species based on their Thai common name, "Pha-Ya-Yo" or "SaLed-Porn-Tua-Mea" for C. nutans, which means female mongoose's saliva, and "Lin-Ngu-Hao" or the less common "Sa-Led-PangPorn-Tua-Poo" for C. siamensis, which means male mongoose's saliva. Our findings are similar to those of Alam et al. (2016) , who reported that the two species have different pharmacological characteristics, molecular aspects, and anti-herpes simplex virus (HSV) type 1 and type 2 activities (Kunsorn et al. 2013) . In summary, our data show that molecular identification using trnH-psbA can distinguish C. nutans from C. siamensis.
Conclusions
Results of this study showed that trnH-psbA is a suitable plastid DNA marker for identification of C. nutans. This result illustrates that a single plastid DNA marker can have strong discriminatory value when comparing closely related species. Thus, use of that trnH-psbA will be helpful in the study of taxonomy, ecology, phylogeny, and morphology of C. nutans and other species in the Acanthaceae family. This inexpensive and simple method likely will prove to be significant in the medicinal plant industry to avoid misidentification of medicinal plants.
